The pyruvate kinase (PK) activity of mouse liver increases after injection of endotoxin. It decreases in animals given cortisone alone and remains essentially unchanged in those given cortisone and endotoxin at the same time. CCl4 causes an increase in liver PK activity, but neither it nor endotoxin changes the activity of muscle PK. Addition of octonoate to liver homogenates inhibits the activity of liver PK. These results suggest that the rapid depletion in liver glycogen after administration of endotoxin or CCl4 may be related to increased PK activity. Induction of tolerance does not prevent the increase in liver PK activity in challenged animals.
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A number of metabolic effects produced by endotoxins have been studied in attempts to understand the host alterations caused by these lipopolysaccharides. Carbohydrate metabolism has been known for many years to be altered in animals after an injection of endotoxin (6, 10, 22) . More recently Berry et al. (4) have shown that injection of a lethal dose of killed Salmonella typhimurium results in a reduction of liver glycogen and almost a complete loss in total body carbohydrate. Cortisone not only protects mice against the lethality of endotoxin but also prevents the total loss of glycogen. Other studies by these workers suggested that endotoxin-treated animals are unable to convert body proteins into carbohydrate (5) . Subsequent investigations of phosphoenolpyruvate carboxykinase (PEPCK), an enzyme important in synthesis of glycogen, showed that induction of this enzyme by cortisone was inhibited by endotoxin (3). Woods et al. (21) and Giger (7) have shown increased glycolysis in cells exposed to endotoxin.
More recently Shands et al. (13) presented data indicating that the major defect in glucose metabolism in BCG-vaccinated mice given endotoxin may be in synthesis of glucose from noncarbohydrate sources. This interpretation would agree with the data on PEPCK presented by Berry and co-workers (3) .
Gluconeogenesis has as its major energy barrier the synthesis of phosphoenolpyruvate. Once this compound is available, it is converted into glucose without much difficulty. The reason pyruvate kinase (PK) is important to this process is that it reverses gluconeogenesis and converts phosphoenolpyruvate (PEP) to pyruvate. PK, therefore, occupies a pivotal position in gluconeogenesis. In our experiments we suggest that an increase in activity of liver PK among mice given endotoxin plays a role in glycogen loss.
MATERIALS AND METHODS
Mice. Male Swiss Webster mice weighing 20 -+ 2 g were used (Sutter Farms, Springfield, Mo.). Oxytetracycline hydrochloride (Terramycin, Pfizer Inc., Brooklyn, New York) was added to the drinking water for 2 days after delivery of the animals from the dealer, and they were used experimentally 5 days later. All mice were used 16 hr after experimental treatment and were fasted during this time.
Endotoxin. Heat-killed cells of S. typhiimurium strain SR-1i1, suspended in nonpyrogenic saline, were used in all experiments (1). Doses of this crude type of endotoxin were administered intraperitoneally as 1 :6 dilutions of the heat-killed cell preparation. The median lethal dose (LD)5o) was calculated by the method of Reed and Muench (12) and was found to be approximately 1010 cells.
In preliminary experiments, the effect of endotoxin (Difco) prepared from S. typhiimuriium by the Westphal method was used to determine its effect on the systems employed in the study. The results were essen tially the same as those obtained with heat-killed cells.
Thus, heat-killed cells were used as the source of endotoxin throughout this study.
Production of tolerance. Mice were made tolerant to the endotoxin by a schedule of daily intraperitoneal injections of heat-killed cells (2) . The animals received 0.1, 0.1, 0.2, 0.2, 0.4, and 0.4 LD50 doses on successive days; each dose was administered in 0.5-ml amounts. These animals were used experimentally 48 hr after the last injection. Each group of animals was tested for tolerance by injection of an LD5o of heat-killed cells. Observations of these mice were made for 3 days.
Injections. Sterile nonpyrogenic saline was used as a diluent for all injectable substances (Macbiek Company, Cambridge, Mass.). One LD50 of endotoxin was contained in 0.5 ml of nonpyrogenic saline. Control animals received 0.5 ml of nonpyrogenic saline.
Measurement of PK. The livers from mice sacrificed by cervical dislocation were quickly weighed, and approximately 1 g of tissue was added to a homogenizing tube containing 7 ml of cold 0.15 M KCl. The tissue was homogenized for 1 to 2 min by using a Tri-R stirrer. The homogenate was centrifuged at 100,000 X g for 30 min. The supernatant fluid was removed, placed at 4 C, and assayed for PK activity by the method of Weber et al. (20) . Adenosine diphosphate, PEP (potassium salt), 3-diphosphopyridine nucleotide, and lactic dehydrogenase were purchased from Sigma Chemical Company. The changes in optical density at 340 nm were recorded by using a Gilford spectrophotometer. Readings were made every 30 sec for at least 3 min. Calculations were made from the portion of the enzyme curve which was linear. The assay was done at room temperature. The protein content of the enzyme preparation was determined by the Folin-Ciocalteau method (8) . The enzyme activity is expressed as the micromolar PEP per minute per milligram of tissue protein.
In an experiment relating enzyme activity of homogenates to dry weight, 3 (Table 5) shows that the increased enzyme activity observed after injection of endotoxin can be decreased by a free fatty acid. This suggests that the increased activity of PK might be related to a decrease in the level of those substances which play a role in controlling the activity of this enzyme.
DISCUSSION
A striking metabolic change that occurs in mice after injection of endotoxin is the loss of liver glycogen and the almost total depletion of body carbohydrate. Whether this loss of carbohydrate is due to an increase in glycolysis or impaired gluconeogenesis has been unclear. Berry and coworkers (3, 4) and Shands et al. (13) suggested that the carbohydrate loss is due to the failure of the endotoxin-poisoned animals to convert gluconeogenic intermediates into glycogen. Specifically, Berry et al. (3) have shown that endotoxin prevents induction of PEP carboxykinase by cortisone, thus confirming by direct enzyme assay impaired conversion of glyconeogenic intermediates to PEP.
Our work suggests that the dramatic loss in carbohydrate may be due not only to a decrease in synthesis of PEP but to an accelerated loss of this crucial compound due to increased PK activity. Woods et al. (21) found that endotoxin exerts an insulin-like effect on glycolytic processes, and Pieroni and Levine (11) discovered that injection of endotoxin at sublethal doses with insulin results in death of mice. These data tend to confirm our work.
The ability of cortisone acetate to prevent the increase in PK activity elicited by endotoxin is consistent with the demonstration of the protection of mice against the lethality of endotoxin (4). Weber et al. (19) showed that glucocorticoids do not induce PK, and cortisone is known to maintain glycogen levels in mice given endotoxin (3, 4) . Snyder et al. (14) demonstrated that injection of CCl4 not only increases the susceptibility of mice to endotoxin and stimulates PK, but that it lowers the activity of liver tryptophan oxygenase and causes a loss of glycogen.
A difference in the effect of endotoxin and CC14 on PK in muscle and liver has been demonstrated, the liver enzyme being more easily affected than the muscle enzyme. The absence of a significant change in enzyme activity in the muscle of animals injected with endotoxin or CCl1 may be related to the different properties of this enzyme. Tanaka The inability to maintain the activity of PK in the endotoxin-tolerant mouse is surprising. But if the rate of gluconeogenesis is increased by induction of tolerance, then one might expect maintenance of glycogen in the presence of higher enzyme activity. Induction of tolerance causes a greater increase in enzyme activity than did injection of endotoxin into tolerant animals.
The importance of PK as a key enzyme in glycolysis has been well demonstrated (18) . Weber and associates (18) have shown that the ratio of the sum of PEPCK and pyruvate carboxylase to PK is 0.04. Thus, the importance of PK control during gluconeogenesis is obvious. Under conditions of gluconeogenesis, the activities of PEPCK and pyruvate carboxylase increase, whereas the activity of PK decreases. If the mechanisms for control of activity are impaired, net synthesis of glycogen cannot occur. Our data and that of others (3, 13) indicate that the loss of glycogen in animals given endotoxin is due not only to an increased activity of PK but also to inability of the host to synthesize glycogen from intermediates.
The mechanism by which endotoxin causes an increase in activity of PK is unknown. Preliminary experiments indicate that increased activity is not the result of a direct interaction between enzyme and endotoxin. However, addition of endotoxin to liver homogenates does cause a more rapid loss in glycogen than is observed in the absence of endotoxin. Inhibition of adenosine triphosphatase activity by endotoxin is the only example of a direct enzyme-endotoxin inhibition (16) .
Weber and associates (19) demonstrated several mechanisms which regulate PK activity. Inhibition in vitro of PK by octonoate agrees with the results of Weber et al. (18) . This suggests that a similar approach to study of the metabolic control mechanisms in endotoxin-treated animals may be meaningful. The effects of endotoxin on these control mechanisms are under study in our laboratory.
